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Abstract—Compact modeling of charge trapping
processes in GaN transistors is of fundamental importance
for advanced circuit design. The goal of this article is
to propose a methodology for modeling the dynamic
characteristics of GaN power HEMTs in the realistic case
where trapping/detrapping kinetics are described by
stretched exponentials, contrary to ideal pure exponentials,
thus significantly improving the state of the art. The analysis
is based on: 1) an accurate methodology for describing
stretched-exponential transients and extracting the related
parameters and 2) a novel compact modeling approach,
where the stretched exponential behavior is reproduced via
multiple RC networks, whose parameters are specifically
tuned based on the results of 1). The developed compact
model is then used to simulate the transient performance of
the HEMT devices as a function of duty cycle and frequency,
thus providing insight on the impact of traps during the
realistic switching operation.

Index Terms— Activation energy distribution, p-GaN
HEMTSs, stretched exponential, surface traps, time constant
profile extraction, trap-state mapping.

|. INTRODUCTION

aN-BASED transistors have recently emerged as excel-
lent candidates for next-generation power converters [1];
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due to monolithic integration, they are expected to rapidly find
application in GaN-based integrated circuits (IC) [2]-[4].

For the design of GaN ICs, accurate compact models are
necessary; this need has led to the development of highly
sophisticated, physics-based transistors models, such as the
advanced SPICE model (ASM) for HEMTs [5], [6] or the
Massachusetts Institute of Technology (MIT) virtual source
GaN high-voltage (MSVG-HV) model [7].

In several cases, existing models can reproduce very effec-
tively the dc properties of the transistors; however, attention is
needed in the presence of charge-trapping phenomena, which
may modify the dynamic response of the transistors. Specif-
ically, the presence of single or extended defects may cause
charge trapping effects [8], [9], which results in degradation
of the switching characteristics, favoring a dynamic-Rox and
Vi shift [10]-[14].

Such trapping phenomena need to be analyzed and
modeled: state-of-the-art approaches [15]-[17] reproduce trap-
ping/detrapping phenomena as pure exponentials, an approx-
imation that is only valid for ideal point defects, with a
single energy level; following this idea, Kellogg et al. [16]
proposed a method to model defects in GaN HEMTs making
use of a three-pole RC circuit. However, pure exponentials
are generally not representative of real trapping kinetics [18].
In the presence of multiple traps, Li et al. [17] suggested an
iterative algorithm to extract multiple RC units with minimized
error. Nonetheless, this extraction lacks physical insight and
is not able to predict the temperature dependence of the fit
trend, which is of extreme importance.

More recently, Weiser et al. [19] proposed a finer approach
to model distributed traps by defining a multiple RC cir-
cuit whose time constant distribution follows a Gaussian
shape. However, the Gaussian distribution extraction relies in
the (unrealistic) approximation that the kinetic of each single
component is a step function instead of an exponential decay.
In addition to this, the proposed methodology does not account
for temperature dependence.

In the most general formulation (particularly relevant for
surface and extended defects), trapping/detrapping transients
from point, extended or surface defects can be modeled
by a stretched exponential function. The stretched expo-
nential transient can be reproduced as the sum of n ideal

For more information, see https://creativecommons.org/licenses/by/4.0/
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Fig. 1. Simplified schematic of the experimental setup for Vry transient
DLTS measurements.
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Fig. 2. Waveforms of the logarithmically spaced pulses (V) to monitor
(a) stress phase and (b) recovery phase.

exponentials [20], [21] as described in the following equation:

1\’ ! t
fy=A- exp(— (?0) ) ~ gAi-exp(—T—i) )

where A; and 7; are the amplitude and time constants of
each process, respectively. Within this article, an original
two-step procedure for compact modeling of the dynamic
properties of GaN HEMTs is proposed. The methodology is
based on: 1) the extraction of the physical properties of the trap
through mathematical investigation of the trapping/detrapping
kinetics and 2) the implementation via equivalent multiple-RC
circuit distribution, using Verilog-A in the commercial circuit
simulator advanced design systems (ADS) from Agilent [5].

Simulations and experimental data are compared to verify
the developed model. Finally, the behavior of the devices is
simulated as a function of frequency and duty cycle to provide
information on the effect of traps on device performance in
realistic switching conditions.

Il. EXPERIMENTAL DETAILS AND RESULTS

The devices under test are on-wafer E-mode p-GaN
HEMTs. Trapping/detrapping experiments were carried out by
a custom Vry transient setup [22], schematically represented
in Fig. 1. Vg of the device under test (DUT) is monitored
both during the filling and recovery phase (see Fig. 2) from
the microseconds to the hundreds of seconds.

The DUT is stressed by applying (Van, Vpan) = (0, 10) V
at different temperatures (30, 90, 150) °C. Fig. 3 shows the
Vru shift induced on the device during the filling and recovery
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Fig. 3. A Vry shift on the DUT when (Vasir, Vorin) = (0, 10) V is applied.
Both the stress and recovery phase are shown. 8 < 1 is found, indicative
of stretched exponential kinetics.

phase. In both cases, the Vry shift cannot be fit with a pure
exponential decay, but with a stretched exponential trend:
this indicates that the traps responsible are not localized on
a single, discrete level (or at a single position), but have
a distribution of time constants that, once superimposed,
generate the stretched exponential curve. This behavior is
typical for the most common surface, buffer, and interface
trapping mechanisms in GaN HEMTs, as recently highlighted
in [23] and [24], and confirms the importance of this study.

[1l. TRAP PROPERTIES EXTRACTION

The full discussion of the methodology used in this article
to extract the time constant distribution of the deep levels
of interest can be found in [25]. Here, we provide a brief
summary; considering (1), A; and 7; are the parameters of the
single exponential components constituting the multiexponen-
tial threshold voltage transient. In the presence of a continuous
distribution of time constants, the threshold voltage shift can
be expressed as

AVu(t) = / g() - exp(—tv)dv (2)
0

where v = 1/7 and g(v) is the probability density function of
the distribution of time constants. The latter can be numerically
calculated through the inverse Laplace transform, i.e., by a
mathematical transformation carried out directly on the A Vry
data.

Fig. 4 shows the contour map of the time constant distribu-
tion (decay rate probability density function [26]) at different
temperatures extracted from the experimentally measured Vry
recovery transients in Fig. 3 following the procedure presented
in [25]. It is important to stress that the extracted time constant
distribution of f(¢) does not have a Gaussian shape and differs
from the simple derivative of the transient d f (¢) /dlog(t) [27],
which has no direct meaning in relation to trap properties.

Once g(v) is defined, the trap signature distribution can be
extracted from the temperature-dependent time constant distri-
bution. As explained in [25], given a temperature-dependent
time constant distribution (z;;, A;;, 7)), from a set of
temperature-dependent measurements, such as the one mapped
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Fig. 4. (Bottom) contour map of the mathematically extracted time
constant distribution at different temperatures along with (top) the plot
of the spectral amplitude of the trap level at (30, 90, 150) °C.
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Fig. 5. (a) Distribution of activation energies. (b) Capture cross sections
in the DUT, as extracted from temperature-dependent measurements.

in Fig. 4, a distribution of activation energies (E, ;) and cross
sections (o, ;) can be uniquely extracted.

In other words, at a given temperature 7;, a distribution
of time constants 7; ; and amplitudes A;; can be extracted.
By repeating the measurements at several temperatures, the
corresponding trap properties can be extrapolated, in terms of
activation energy E,; and cross sections o .

Fig. 5 shows the results of this analysis for the recovery
phase, where the spectral amplitude of each (E,, o.) com-
ponent is defined by its relative coefficient A;. Remarkably,
the (E,, 0., A;) distribution contains all the information on
the temperature-dependent characteristics of the trap, which is
used in the next section to define the optimal RC distribution
to be implemented in a compact model.

In this case, n = 15 is used to reproduce the experimental
data with excellent accuracy without adversely affecting the
computational speed. Lower n values, down to 5, can still
provide a good model quality. As theoretically expected,
Z,IL A; = A, according to the notation in (1).

IV. COMPACT MODEL IMPLEMENTATION

The second step of our analysis is the implementation of
the (E,, 0., A;) distribution into a compact model. The most
natural way to reproduce an exponential decay function using
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Fig. 6.  Schematic representation of how the n-RC network extracted
from the experimental data is implemented to account for both the
dynamic ON-resistance and A Vqy shift.

electronic passive components is to use an RC network

Virap(t) = (01 Vb + 62(1 — exp(—63Vps)))

t
=
rap \“ trap

where Ry,p and Cy,p are related to the capture/emission time
constant of the process, respectively, and 6, 6,, and 5 are
tuning parameters to adjust the contribution of the input stress
bias (in this article Vpg).

In case of extended defects, a multiple-RC network can
be used to implement the time constant distributions into an
equivalent circuit having the applied bias as input and the mul-
tiexponential time response . Vimp,i(f) as output; the output
of this circuit is then used to calculate the time-dependent
variation of Roy and Vry (see Fig. 6).

While the R; and C; parameters are meaningful to define the
RC circuit, they do not describe the physical characteristics of
a trap. Therefore, even if they emulate the time constants of the
process at a specific temperature, they are not able to describe
how such process is influenced by a change in the temperature.
This factor should be considered since phenomena such as
self-heating can dynamically change the device temperature.

Consistently with the Arrhenius law [28], each component
of the multiple-RC circuit is defined as

T; (T)

1 E,i
ﬁ €xp|

R;Ci(T)
h3
2V/3(27) 3 m,mok?go. ;

kT
“)

where T is the temperature, i is the Planck constant, k is
Boltzmann’s constant, my and m, are the rest and effective
mass of electrons, respectively, and g is a degeneration factor
(typically 1). The spectral amplitude A; of each exponential
component represents its relative weight. This proportional
term is assigned to the resistance of the RC network R; = A;,
while Ci = ‘L',‘/R,u

A variation in temperature, due to self-heating or exter-
nal stimulus, will impact the time constant of the model
in agreement with the experimental data. To consider the
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Fig. 8. Compact model is tuned with the dc characteristics of the

device. Realistic physical parameters are used. The model accurately
reproduces the experimental data.

different behavior during the filling and recovery phase, two
(E,, 0., A;) distributions were extracted from the experimen-
tal data and implemented: one for the filling and one for the
recovery. This is schematically represented in Fig. 7, which
also shows how the input parameters are used to reproduce
the overall Vpy shift. The developed module is implemented in
the ASM GaN model [5], which has been modified to include
a p-GaN layer in the gate-stack [29]. The Verilog-A model
is then simulated using the built-in Verilog-A compiler of the
SPICE-based ADS software.

First, the model parameters are tuned to reproduce the dc
characteristic of the DUT with excellent accuracy (see Fig. 8).
Then, the (E,, 0., A;) distributions in filling and recovery
conditions extracted from the experimental Vry transient mea-
surements are added to the trap model. Fig. 9 summarizes the
comparison between the transient simulation and the experi-
mental data together with the applied simulation waveforms.
An excellent agreement in reproducing the time-dependent
Vru shift when (Vgan, Vpfin) = (0, 10) V is obtained.

The simulation quality with the same set of parameters is
equally good at different temperatures, demonstrating that the
developed model can emulate the dynamic response of the
device in a wide temperature range. The model was tested
under different bias conditions, and the results show consistent
behavior and accuracy. For sake of simplicity, here, we focus
only on the (Vgan, Vpan) = (0, 10) V condition.

o
1=}
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1<)

10°10%10210210" 10° 10°
Recovery Time (s)

10°10%10°102 10" 10° 10

Filling Time (s)
Fig. 9. Comparison between the transient simulation obtained via
compact modeling and experimental data along with the applied bias.

The simulation shows excellent accuracy in reproducing the dynamic
behavior of the DUT, also as a function of temperature.
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Fig. 10. Matrix of simulations showing both the effect of duty cycle

and frequency in the dynamic response of the device. The frequency
defines the amplitude of the trapping/detrapping kinetics, whereas the
duty cycle defines the trajectory of the cumulative shift. Comparison with
experimental data is shown, demonstrating excellent agreement.

V. OPERATING FREQUENCY AND DUTY CYCLE

A self-consistent and physics-based compact model can give
insight on the interplay between the capture and emission
processes in various operating conditions. Such aspects are
particularly relevant in the circuit design. Fig. 10 shows the
time-domain simulation when the device is biased for 1 s at
different duty cycles and frequencies.

The result shows that in the present case, since the recovery
spectrum has shorter time constants than the filling spectrum,
the higher the frequency, the smaller the amplitude of the
overall capture plus emission process per cycle. On the other
hand, the A Vg trajectory and saturation values are defined by
the fon/tore ratio (duty cycle) since this parameter defines the
balance between the filling and the recovery time constants.
Fig. 11 summarizes the AVyg shift versus the applied fre-
quency after a certain number of cycles.

Three regions can be distinguished.

1) f < 1 Hz: The number of cycles has no effect since the
trapping is complete at each cycle and no cumulative trapping
is present. When the frequency increases, the overall A Vry
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Fig. 11. Novel benchmark for GaN HEMT performance. (a) and (b) Map
(which indicates in false color the total Vyy shift for a given frequency and
number of duty cycles) can be used to assess the dynamic degradation
of the main device parameters, i.e., (AVry — ARgy), in real operating
conditions. (c) and (d) Higher the temperature, the faster the cumulative
effect.

increases, due to the reduced 7,y available for the recovery.
At the lowest frequencies, 7oy is long enough to completely
recover, and no threshold voltage shift is visible.

2) 1 < f < 10* kHz: The filling time is not sufficient to
fill all traps; therefore, cumulative trapping is present and the
overall AV is higher for a larger number of trapping cycles.
When the frequency increases, a peak in A Vg is visible. This
corresponds to the crossing point of the filling time constant
distribution: after the peak, the trapping time fog is short
enough to cause a lower level of trapping and A Vy decreases.
The peak is located at a frequency value higher for a higher
number of cycles since the cumulative trapping is still present.

3) f > 10* kHz: The trapping time fom is too short
compared to the time constants in the filling spectrum, and
therefore, the amount of trapping becomes negligible and
AVt approaches 0. The cumulative trapping is still present,
so a higher number of cycles cause some level of Vry shift,
but eventually, they will cause no AVrg for high enough
frequency. The simulation result confirms that at higher tem-
perature, the capture/emission ratio may change, thus changing
the worst case condition, as shown in Fig. 11(c) and (d). It is
important to point out that the overall shape and behavior
depends on the balance between the time constants in the
filling and in the recovery spectrum; therefore, it will change
in devices with different distribution widths and center time
constant values.

The results in Figs. 10 and 11 predict that the cumulative
effect resulting from the 7on/tore ratio will take place even in
the megahertz range; nevertheless, this region appears to be a
relatively safe region compared to the results in Fig. 3, if the
device is operated long enough. Finally, the Vyy transient has
been repeated for increasing filling times, from 1 us to 1000 s
at (Vgan, Vpan) = (0, 10). A surface map, in which each value
of the matrix represents A Vry after a certain fill time (fogr)
and recovery time (foy), Was built.

Fig. 12 shows the contour map of the Vry shift together
with the iso-frequency and iso-duty-cycle loci. These results

10°
102

10° 10 10° 102 10" 10° 10 102 10°
ton (S)

Fig. 12. Contour map of the A V1 shift together with the iso-frequency
and iso-duty-cycle loci. The lower the duty cycle and the lower the
frequency, the closer the trajectory of the cumulative effect to the critical
AV region.

highlight how, in circuit design, the choice of frequency and
duty cycle draws a trajectory that impacts on the instability
of a device, which depends on the balance between trap
filling/discharging times.

Furthermore, in accordance with Figs. 10 and 11, the trajec-
tory of the instability will be reached at any frequency when
a sufficiently high number of cycles will be completed. These
results are extremely important because they give an insight on
the criticality of a trap depending on its capture and emission
time maps.

Indeed, some traps that can be detected in high concen-
tration by common experimental techniques, and that cause
significant dynamic performance worsening, may never appear
in real operating conditions, depending on the experimental
parameters and timings used for detection.

The results in Figs. 10 and 11 are obtained from the
experimentally tuned and physically tuned compact model and
summarize all the possible operating conditions of the DUT.
Due to the developed analysis and model, it is possible to
accurately predict the behavior of the device in a wide range
of operating conditions, starting from the analysis of single
trapping/detrapping kinetics.

VI. CONCLUSION

In this article, a new approach for compact modeling
of the stretched exponential trapping/detrapping kinetics of
GaN HEMTs is proposed. First, physically meaningful trap
parameters are extracted based on mathematical processing of
the experimental data, as a function of temperature. Second,
the trap signature is implemented in a p-GaN HEMT compact
model, making use of two multiple-RC networks, one for
trapping and one for detrapping. The SPICE-based simulations
show excellent agreement with the experimental data obtained
by means of Vry transients.

The physics-based trap model is then used to gain insight
on the dynamic behavior of the devices as a function of the
operating frequency and duty cycle. Novel insight on the GaN
HEMT dynamic performance degradation is given highlighting
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how the criticality of a trap is dependent on its location in the
capture and emission time map. The duty cycle plays a key role
in determining the performance degradation trajectory, while
the frequency is related to the amplitude of the capture and
emission process per cycle.

The proposed approach is of paramount importance for
circuit designers, who need to accurately reproduce the trap-
ping/detrapping phenomena in various operating conditions,
and for the detection of the dynamic performance worsening
by common experimental techniques, which may overestimate
or underestimate the real behavior depending on the specific
experimental conditions and timings they employ.
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